In the shot put, the athlete's muscles are responsible for generating the impulses to move the athlete and project the shot into the air. Information on phasic muscle activity is lacking for the glide shot put event and therefore important technical information for coaches is not currently available. This study provides an electromyography (EMG) analysis of the muscle activity of the legs during shot put. Fifteen right-handed Irish national level shot putters performed six maximum effort throws using the glide shot put technique. EMG records of eight bilateral lower limb muscles (rectus femoris, biceps femoris, medial-and lateralgastrocnemius) were obtained during trials. Analysis using smooth EMG linear envelopes revealed patterns of muscle activity across the phases of the throw and compare men and women performers. The results showed that the preferred leg rectus femoris, the preferred leg biceps femoris and the non-preferred leg biceps femoris play important roles in the glide technique, with the total duration of high volumes of activity between 34% and 53% of the throw cycle. A comprehensive understanding of movement and muscle activation patterns for coaches could be helpful to facilitate optimal technique throughout each of the key phases of the event.
Introduction
There are two main techniques for the shot put namely the linear (glide) and the rotation; frequent comparisons have been made between these two techniques (Stepanek, 1987; Bosen, 1985) . Stepanek (1987) compared the mechanics of both techniques and concluded that they are similar in both 'mechanical principles and characteristic features' however, the movement patterns in the initial phases are different. While the rotational technique may have better performance potential, the glide is more typically used by the 'winners' in major championship events (Stepanek, 1987) . Despite the growing popularity of the rotation technique amongst male competitors in recent years, the glide remains the preferred technique used by the majority of female competitors, having reviewed data from recent World Championships and Olympics. A pilot study by Judge et al. (2013) indicated that the majority of throwers still utilised the glide technique (60.4%) over the rotation (39.6%). This study also observed that the power clean was closely related to the performance but no significant difference between the power clean of athletes using the glide technique and the rotation was revealed (Judge et al., 2013) . Stepanek (1987) also indicated that the glide technique is less skill demanding on the thrower and more training time would be required for mastery of the rotational technique compared with the glide.
The shot put has been a modern Olympic event for men since the Olympic revival in 1896, and the women's competition was introduced in 1948. Since then, the large performance differences that existed between men and women were progressively reduced until the 1980's when the performance difference between men's and women's world records using a glide technique was 1.4% (Dyer, 1982, p.161) . This suggests that at the elite level, the mass difference in men's and women's implements (7.26 kg and 4.00 kg respectively) compensates effectively for the underlying differences between men and women. Furthermore, the similarity of the men's and women's best throwing performances using the glide technique (23.06 m and 22.63 m respectively) suggests that elite men and women may be equally effective when using the glide shot put technique (Alexander, 1997) .
Extensive research exists on the biomechanics of the shot put technique and in general, the findings on the biomechanics of the glide have been effectively summarised by Zatsiorsky, Lanka, & Shalmanov (1981) . Despite this extensive research, there is only limited research available on activation of leg muscles during shot putting. Some previous studies have examined electromyography (EMG) of the arms including, the pectoralis, the deltoideus, the triceps brachii, and the teres major (Hermann, 1962; Terzis, Karampatsos, & Georgiadis, 2007) . Only two published studies have been found to date, examining EMG of the legs and these were limited to the EMG of the vastus lateralis and the soleus (Kyriazis, Terzis, Boudolos, & Georgiadis, 2009; Terzis et al., 2007) . The lack of EMG data during the shot put can be attributed to technology constraints of the EMG systems. Previously EMG systems were tethered and the use of tape was necessary to keep wires from disturbing the movement patterns (Kyriazis, et al., 2009 ). However, with advances in technology, wireless EMG devices are now available and the more complex movements such as shot put can be analysed with greater ease and accuracy (Howard, Conway & Harrison, 2016) .
In the shot put, throwers use their leg muscles to generate force to move the body quickly across the circle and it is only when they have reached the front of the circle that the arms are used to propel and direct the shot. Since these muscles generate the forces and consequently the impulses to move the athlete and project the shot into the air, it is useful from a coaching perspective, to understand the sequence of muscle actions used in the activity since this could help coaches to refine their knowledge of the technical model for the event. Therefore, a comprehensive understanding of movement and muscle activation patterns is essential to objectively confirm to activation sequences of the leg muscles or provide new insights on muscle activation timings or levels throughout each of the key phases of the event. Given the lack of research on EMG of leg muscles in the shot put and the central importance of those muscles in performance of the event, an analysis of leg EMG patterns is merited to provide representative data for the event and confirm or refute existing assumptions amongst coaches on how leg muscles are used in shot putting. Since males and females compete separately, using different implement masses, they could have differences in technique; therefore it is justified to examine potential differences in activation sequences between males and females. There are also differences in structural characteristics, muscular strength, flexibility, physiological variables and injury rates between male and female athletes (Alexander, 1997) .
The aim of this study was to provide scientists and coaches with representative data on leg muscle activation patterns in the glide shot put. Data on muscle activation level, relative timings of activation, and the volume of EMG activity across the glide cycle were used to provide a profile of phasic muscle activity and activation intensity from the initiation of the movement to the release of the shot throughout the key phases of the glide technique shot put event. The EMG profile data should allow coaches to inform athletes which muscles are active during the throw and provide a basis for ensuring specificity of training programmes by matching training exercises to muscle activations and volumes. This type of analysis on muscle activations should advance technical knowledge of the event by understanding the way in which the muscles drive the key movements. Technical improvements using kinematic analysis have been extensive from previous research studies while analysis of muscle activations in the shot put remains inadequate (Ariel, 1979; Bosen, 1985; Coh & Stuhec, 2005; Hubbard, deMestre, & Scott, 2001; Linthorne, 2001; McCoy, Gregor, Whiting, Rich, & Ward, 1984; McWatt, 1982; Stepanek, 1987; Terzis, Kyriazis, Karampatsos & Georgiadis, 2012; Tsirakos, Bartlett, & Kollias, 1995; Young & Li, 2005; Zatsiorsky et al., 1981) . Given the relative lack of research on muscle activations in shot putting, this study should provide new knowledge of muscle activations of the lower limbs during shot put. Profiles of muscle activations may be useful from a coaching perspective to allow comparison between how the muscle activity aligns with the key movements and coaching points already used. It has been hypothesised that there is no difference between males and females of similar competitive standard, in performance, timing of key events and muscle activations. Observing if differences exist in muscle activations and timings of key events across genders and how they contribute to the overall technique could aid improvement in performance with targeted technique and strength related exercises based on objective evidence of muscle actions (Zaras et al., 2013; Kyriazis et al., 2009; Stone et al., 2003) . This research could provide useful in investigating training programs and targeted exercises for the glide technique.
Methods
Participants 15 right handed, experienced glide technique shot put throwers, 8 males (age 20.9 ± 1.1 years, height 1.88 ± 0.03 m, mass 85.6 ± 13.6 kg, personal best 11.50 ± 1.43 m) and 7 females (age 20.0 ± 2.4 years, height 1.71 ± 0.10 m, mass 82.1 ± 15.1 kg, personal best 11.53 ± 1.05 m) who were injury free at the time of testing, participated in the study. All participants were Irish national level shot putters who were experienced in the linear glide technique. Ethical approval was obtained from the University of Limerick, Faculty of Science and Engineering Research Ethics Committee and all participants completed an informed consent form before testing. Participants were given 10 minutes to perform a standardised warm up which involved up to 2 minutes of jogging at a self-selected, comfortable pace including skipping with arm swings, followed by dynamic movements to target and activate all muscle groups. 
Equipment
Athletes performed the shot put on an IAAF standard wooden indoor circle. The shot put sector was marked out to ensure throws landed within in the appropriate area for a legal throw (see Figure 1 ). Appropriate IAAF approved indoor shot implements were used by the participants. Video data was collected using two Casio high speed video cameras (Casio EX-F1, Japan), recording at a frame rate of 240 Hz. The cameras were mounted on level, stable tripods at each side of the circle to enable easy determination of the kinematics and key events during the glide. Floodlights were used to enhance the lighting already available in the arena and each light was positioned at the back of the circle at a ~30° angle to ensure the movement could be viewed correctly and each phase was appropriately illuminated (see Figure 1 ).
Wireless EMG and accelerometer signals were obtained using a Delsys Trigno™ Wireless EMG system (Delsys Inc. Natick, MA. USA). The integrated electrodes were bipolar parallel-bar Ag/Ag-Cl, with an inter-electrode distance of 10 mm and 10 x 1 mm in size. There was a common mode rejection ratio of >80 dB, a signal bandwidth of 20 -450 Hz and a resolution of 16 bits. The sampling rate was 2,000 Hz. The sensors were attached after the warm-up, with skin prepared and electrode placement according to SENIAM recommendations (Hermens, 2000) : i) the skin was cleaned, shaved and cleansed with an alcohol wipe, ii) electrodes were positioned at the muscle belly, to avoid crosstalk from adjacent muscles, and parallel to the muscle fibres. No gel was needed since the sensors were designed for direct attachment to the skin using double-sided tape. Due to limitations in sensor numbers only eight muscles were chosen for analysis, EMG sensors were attached to the rectus femoris (RF), biceps femoris (BF), and the medial and lateral gastrocnemius (MG, LG respectively) on both the right and left legs. These muscles were chosen to provide representative data from each segment of the legs. Accelerometer sensors were attached to the skin on the anterior aspect of the tibia (AT), they were placed at one third of the tibia length from the proximal endpoint on both the right and left legs. The sensor positions during testing are shown in Figure 2 . 
Test Procedure
Each participant performed three sub-maximal warm up throws which were not recorded. For data acquisition, the participants completed six maximal -effort, glide throws, during which video, EMG and accelerometer data were recorded. Once all EMG data was examined to confirm signals recorded of good quality, the three best throws with the highest performance were identified for data analysis. The video records were used to identify key events in the throws from the start of the movement through to release point. To facilitate synchronisation of EMG and video data and identify key kinematic events each participant was asked to stamp their right foot before throwing (foot stamp). The impact event was clearly observable in the video recordings and as a spike in the accelerometer traces (Kelly, Coughlan, Green, & Caulfield, 2012) . All throwers were right handed, consequently the terms 'preferred' and 'non-preferred' are used throughout to distinguish between the stance (right) leg of the throw and the drive (left) leg in the throw.
Data Analysis Synchronisation & Identification of Key Stages
As all throwers were right-handed and the high speed video recordings from one camera were visually inspected using QuickTime™ Player to identify temporal events of the throw using the frame counter option. The following events for the throw were identified (see Figure 3 ):
1.
Foot Stamp: Event to synchronise EMG and accelerometer system with the high speed video 2.
Start: First movement of non-preferred leg (drive leg) to initiated the glide to the middle of the circle 3.
Heel-Off: The heel off of the preferred (stance) leg lifts from ground to begin the glide 4.
Touch Down 1: The toe of the preferred leg first touches down after the glide 5.
Touch Down 2: The toe of the non-preferred leg first touches down after the glide 6.
Release: The shot put leaves the athlete's fingers
Phases of the Throw
The key phases of the shot, adapted from (Stepanek, 1987; Terzis et al., 2007; Tidow, 1990; Young & Li, 2005) are defined as follows for this study (see Figure 3 ):
1. The Initial (Preparation) Phase: This phase was the pre-flight phase; it began when the thrower was at the back of the circle at the 'Start' and finished with the rear (preferred) foot 'Heel-Off'.
2.
The Flight (Glide) Phase: This phase began with the rear foot 'Heel-Off' and finished with the rear foot 'Touch Down'.
3.
The Delivery Phase: This was broken down into 2 separate phases:
a. The Transition Phase: This phase began with the rear foot 'Touch Down' and finished with the front (non-preferred) foot 'Touch Down'. The end of this phase was known as the power position; here both feet were in contact with the throwing surface. Analysis of the EMG data was performed offline using a combination of Delsys proprietary software to extract the data, and custom Matlab code to analyse results. The EMG signal was cropped to the duration of the throw time identified using the high speed video. The beginning of the throw was identified as the movement of the non-preferred leg in the direction of the front of the circle in preparation for the glide. The end of the throw was defined as the instant of release; when the shot left the fingers of the participant. EMG analysis can provide much insight into the function of the musculoskeletal system and the EMG signal can be effectively analysed using techniques such as linear envelopes, average EMGs, root mean square and integrated EMG on muscle activity. The EMG linear envelope can give an estimate of the 'volume' of EMG activity (Robertson et al., 2014) and this be used to identify onset/termination temporal thresholds of muscle activation.
Initial Processing of the Raw EMG Signal All EMG data was initially processed using the following steps: 1. the DC offset was removed, 2. the raw signal was full-wave rectified and 3. a linear envelope was created for each trial using a low-pass 4 th order Butterworth Filter with a cut-off frequency of 10 Hz (Kamen & Gabriel, 2010) .
Calculating the onset and termination timing patterns of EMG bursts A double thresholding method (Kamen & Gabriel, 2010; Hodges & Bui, 1996) was applied to the linear envelope of the EMG signal to identify the onset and termination timings of each of the muscles over the duration of the throw. Baseline data was gathered from the time points before the foot stamp when the athlete was standing still. The mean and SD was calculated for each trial on these data. The minimum threshold for periods of muscle activity was defined as the baseline mean + 3SD to give a 99% confidence interval (Di Fabio, 1987; Hodges & Bui, 1996; Kamen & Gabriel, 2010) . When the signal dropped below the minimum threshold for less than 40 ms, this was not considered as a period of inactivity; similarly if the signal was only above the minimum threshold for less than 40 ms it was not considered the onset of muscle activity (Hodges & Bui, 1996) , see Figure 4 . The timings for each trial were recorded and normalised to 0 -100% cycle times, with the first movement, start event = 0% and the release event = 100%. The ensemble mean and ensemble SD was calculated using the onset and termination times recorded in each trial to produce an EMG profile of the lower limbs during the shot put. The EMG of the RF of the preferred leg was also examined to identify the beginning of the glide phase; Kyriazis et al. (2009) mentioned that 'silence' in the EMG signal was observed during take-off of the preferred leg before landing back into the standing throw position.
Calculating the ensemble averages
To facilitate comparisons across participants and trials, various normalisation methods have been proposed (Albertus-Kajee, Tucker, Derman, Lamberts, & Lambert, 2011; Ball & Scurr, 2013) . In general the EMG obtained during a maximum voluntary isometric contraction (MVIC) has been preferentially used to normalise the EMG gathered during specific tasks but more recently it has been found that the EMG obtained during an MVIC is not an ideal representation of the maximum EMG recorded during a dynamic trial (Kyröläinen, Avela, & Komi, 2005) . Therefore in dynamic tasks the peak EMG recorded during the trial is proposed for normalisation of the EMG activity of multiple measures across participants and trials (Albertus-Kajee et al., 2011; Ball & Scurr, 2013; Kyröläinen et al., 2005) . The linear envelope signals for each muscle and each trial were passed through a cubic spline function to normalise the signals across the time base; giving each signal the same number of samples. Each linear envelope signals was also normalised to the maximum amplitude recorded in that trial. The mean and SD of the curve was calculated for each muscle and combined as an ensemble-average.
Calculating the timing patterns of EMG bursts at greater signal magnitude
The EMG profile of the lower limbs was enhanced using a second thresholding method to determine periods of higher muscle activity during the throw. The maximum of each original linear envelope signal was recorded and each signal was normalised with respect to the maximum peak. A higher muscle activity onset threshold was determined when the signal exceeded 50% of the maximum amplitude (see Figure 4) . This high volume of muscle activity was gathered for each signal and the mean and SD were calculated. 
Statistical Analysis
The timings of key events and muscle activation timings between males and females were evaluated using Cohen's d effect sizes accompanied by independent Student t tests (p values). The pre-set level for statistical significance was p ≤ 0.05 for all analyses. Given the sample size limitations, magnitude based inferences were used as the principal means to test hypotheses as recommended by Hopkins (2002) 
Results
The mean results for male and female throwers of relative timings of key events during the throw and throwing performance are outlined in Table 1 . The results show that the males threw marginally further than the females during testing. Cohen's d indicated a small practically significant effect (0.47) between males and females (p = 0.110). The 'Heel-Off' event of the male throwers was later in the throw cycle than for the female throwers, a moderate to strong effect was found between males and females (d = 0.76; p = 0.011). The relative timing of 'Touch-Down' event of the preferred leg was earlier in the throw cycle for females than the males with a moderate effect size (d = 0.70; p = 0.020). By contrast, the 'Touch-Down' event of the non-preferred leg for the male throwers was earlier for the female throwers, with a small effect size (d = -0.36; p = 0.264). Finally, the average glide time of the male throwers was longer than the female throwers with a large effect size (d = 1.06; p < 0.001). The EMG profile of the lower limbs is presented in Figure 5 for the male throwers. The muscle onset and termination times expressed as a percentage of the throw cycle time for the male throwers are provided in (see Table 2 ). The results show that the RF muscle of the preferred leg had the earliest mean onset time at 0.3% of the throw cycle, which is almost the initiation of the throw, followed by the preferred MG and the non-preferred BF. The preferred leg BF and the preferred leg LG then became active followed by the non-preferred leg RF and the non-preferred leg LG. The mean termination times of all the muscles were approximately at 100% of the throw cycle, although the non-preferred leg muscles terminated slightly after the preferred leg muscles. All the muscles analysed had periods of non-activity between the preferred leg 'Heel-Off' event and the preferred leg 'Touch-Down' event and again after the non-preferred leg 'Touch-Down' event (at the end of the 'Transition Phase'). The high volume periods show that most muscles were highly active just before the 'HeelOff' stage of the preferred leg, near the 'Touch-Down' events of both legs and in the 'Completion Phase'.
The EMG profile of the lower limbs for the female throwers is presented in Figure 6 . The muscle onset and termination times as a percentage of the throw cycle time for the female throwers is displayed as mean ± SD (see Table 3 ). The preferred leg RF, preferred leg BF and non-preferred leg BF have the earliest mean onset times. The preferred leg MG has and the preferred leg LG then become active followed by the non-preferred leg LG and the nonpreferred leg MG. The mean termination times of all the muscles occur between 97% and 100% of the throw cycle and the majority of the non-preferred leg muscles terminate after the preferred leg muscles. Similarly to the male throwers, the female throwers had periods of non-activity between the preferred leg 'Heel-Off' and 'Touch-Down' events and again after the non-preferred leg 'Touch-Down' event (at the end of the 'Transition Phase'). The periods high volume were observed in most muscles just before the 'Heel-Off' event of the preferred leg, around the 'Touch-Down' events of both legs and in the 'Completion Phase'. Muscle activation is represented as mean onset and mean termination times. The light grey areas represent periods where the volume of EMG activity was above the minimum threshold (mean + 3SD), and the diagonally striped light grey areas represent areas where the volume of EMG activity was below the minimum threshold for some participants. The dark grey indicates periods where the volume of EMG activity was above the 50% maximum threshold (≥50% maximum amplitude). The mean cycle times for the 'Heel-Off' and both of the 'Touch Down' stages are represented by a black vertical line with arrows each direction on a horizontal line above the horizontal bar chart representing the SD of the muscle activations. Figure 6 . An EMG profile of the eight lower limb muscles of the female throwers during the glide technique represented across the percentage cycle time.
Muscle activation is represented as mean onset and mean termination times. The light grey areas represent periods where the volume of EMG activity was above the minimum threshold (mean + 3SD), and the diagonally striped light grey areas represent areas where the volume of EMG activity was below the minimum threshold for some participants. The dark grey indicates periods where the volume of EMG activity was above the 50% maximum threshold (≥50% maximum amplitude). The mean cycle times for the 'Heel-Off' and both of the 'Touch Down' stages are represented by a black vertical line with arrows each direction on a horizontal line above the horizontal bar chart representing the SD of the muscle activations. The ensemble mean ±SD linear envelope EMG curve is provided for each muscle analysed, identifying the activity of the preferred and the non-preferred legs in Figure 7 for the male throwers. There were two mean peaks of the preferred leg RF occurring at approximately 25% and 75% of the throw cycle. The mean peak of the preferred leg BF occurred at approximately 90% of the throw cycle, and at 80% of the throw cycle for both the preferred leg LG and MG. The non-preferred leg, mean peaks occurred at approximately 85% of the throw cycle for the RF, 30% for the BF and 95% for the LG and MG. The highest normalised amplitude was 0.7 and this was observed in the preferred leg BF and the nonpreferred leg LG and MG. Figure 8 provides similar analysis for the female throwers. There were two mean peaks of the preferred leg RF occurring at approximately 20% and 65% of the throw cycle. The mean peak of both the preferred leg BF and LG occurred at approximately 70% of the throw cycle and at 65% of the throw cycle for the preferred leg MG. The nonpreferred leg's mean peaks occur at approximately 80% of the throw cycle for the RF, 30% for the BF, 85% for the LG and 90% for the MG. The highest normalised amplitude was 0.6, with all muscles analysed reaching this approximate value.
Discussion & Implications
The results of this investigation provide representative data on the muscle activity of the lower limbs during the glide shot put technique in accomplished male and female shot putters. Inspection of the muscle activity of the throwers (see Figures 5 and 6 ), during periods when the volume of EMG activity was greater than or equal to 50% of the maximum amplitude, show periods of high volume of EMG activity in the RF muscle of the preferred leg during the preparation phase. During this phase the thrower lowers the upper body and flexes the hip, knee and ankle joints of the preferred leg (Hay, 1993, p.473; Tidow, 1990) , which is consistent with the quadriceps muscle group exerting high muscle activity in a near isometric contractile state. The periods of high volume activation appeared later in the throw cycle in the males and this could be attributed to differences observed in 'Heel-Off' times between the groups and the fact that the males begin the flight phase relatively later than the females in the throw cycle. During the beginning of the preparation phase, the preferred leg BF shows a period of high volume. Both the RF and BF were active together at this point which suggests that the muscles were co-activating to provide a stabilising effect in the stance leg. At the end of the preparation phase and the beginning of the flight phase the preferred leg BF shows a period of high volume and at this point the knee was extended and the hamstrings were most likely in eccentric contraction. This pattern of muscle activity occurred earlier for the females than the males (p < 0.05; d = 0.76), which may be due to the earlier relative timings of the 'Heel-Off' event (see Table 1 ). A period of no activity of the preferred leg RF was observed during the flight phase of the throw, which occurred later for the males than females (see Figures 5 & 6) , which was most likely due to the relative timing differences at beginning the flight phase, similar to that reported by Kyriazis et al. (2009) . At this time, the knee and ankle joints of the preferred leg are in an extended position (Hay, 1993, p.474; Tidow, 1990 ) and the preferred leg RF is no longer contracting. Similarly, a period of no activity of the preferred leg BF can be observed after 'Heel-Off' when the hamstrings are moving from an eccentric into a concentric contraction (see Figures 5 & 6) . A shorter period of high volume EMG activity was observed during the 'Heel-Off' event for the males compared with females (see Tables 2 & 3 ) which may be due to technique differences in the extension of the preferred leg prior to the beginning of the glide. The preferred foot moves rapidly low across the circle (Tidow, 1990 ) and the preferred leg RF and BF muscle activity start again just before the 'Touch Down' of the preferred leg when the foot vertically beneath the athletes centre of gravity (Hay, 1993 p. 475) . This type of pre-activation activity is commonly observed in dynamic running and jumping activities where a stretch-shortening cycle is involved (Komi, 2000) . Table 1 shows that the relative timings of the 'Touch-Down' event of the preferred leg were earlier for the females than the males (p < 0.05; d = 0.70) and could explain the differences between the relative timings of the end of the non-activity period in the males and females observed in Tables 2 and 3 . During the transition phase, the higher volume of EMG activity of the preferred leg RF and the preferred leg BF is observed due to a stabilisation effect for the single leg stance point before the non-preferred leg 'Touch-Down' occurs. The relative timings of the 'Touch-Down' event of the preferred leg were earlier for the females than the males (p < 0.05; d = 0.70) which may explain why the timings of these bursts were earlier in the female throwers. The bursts of EMG activity were relatively shorter in the male throwers which could be attributed to the relative timings of the 'Touch-Down' event of the non-preferred leg occurring earlier for the male throwers than the female throwers (p = 0.264; d = -0.36), showing that there was a shorter time between the 'Touch-Down' events in the males. This was most likely due to the relatively shorter transition phase in male throwers and their tendency to keep a shoulder hip separation which helps facilitate torque production (Tidow, 1990) when they land in the standing throw position. The female throwers allow their upper bodies to rotate towards the line of the hips resulting in reduced torque, it therefore takes longer for the non-preferred leg to touch down thus the females have a relatively longer transition phase and the EMG bursts last longer than the males (see Tables 2 & 3) . This is commonly observed by coaches who will frequently advise athletes to minimise the time delay between non-preferred leg to touch down and the preferred leg touch down events (Tidow, 1990) . As the thrower moves from the end of the transition phase into the completion phase where rapid hip extension occurs and the trunk rotates towards the front of the circle (Tidow, 1990) , the higher volume of EMG activity of the preferred leg RF and the preferred leg BF occurred later for the males than the females. This forceful hip extension action is often emphasised by coaches as a key factor in good shot put technique (Hay, 1993, p. 477; Tidow, 1990) and is assumed to be driven by the gluteal muscles of the preferred leg, however this cannot be confirmed since gluteal muscle activations were not measured as part of this study. The final period of the higher volume of activity was observed just before the release when the athletes were moving into a full extended body position (Tidow, 1990) to release the shot. (i.e. a triple extension of the hip, knee and ankle joints). The muscle activity observed occurred later for the males but lasted longer for the females in the preferred leg RF while the opposite was observed in the preferred leg BF, with activity occurring earlier in the males and for a longer duration than the females. This could be attributed to the male throwers making better use of the full body extension of hip, knee and trunk where their hamstrings will activate. There may be differences in the technique of the female throwers whereby they are not fully extending and lowering their hips at release (Tidow, 1990) . This position is similar to a slight squat, thus the quadriceps are activating. Similarly, the same high volume of activity can be observed in similar stages of the throw cycle for the preferred leg MG and LG: during the 'Heel-Off' stage, both 'Touch Down' stages, during the triple extension of the preferred leg as the trunk rotates towards the front of the circle and during the final push as the body is rotated forward and the legs are fully extended just before release.
The non-preferred BF also plays an important role in the throw. High volumes of EMG activity were observed in the preparation phase, at the beginning and during the 'Heel-Off' stage showing that the backward swing of the non-preferred leg towards the front of the circle is central to allow the thrower to glide effectively across the circle during the fight phase (Tidow, 1990) . This activity observed occurred earlier for the males but the duration of the bursts were longer for the females, which could imply the males have a shorter more forceful drive backwards and the females a slower more constant drive back. The relative timings of the 'Touch-Down' event of the non-preferred leg occur earlier in the males (p = 0.264; d = -0.36) which supports this. During the transition phase after both legs touch-down, the nonpreferred leg BF showed a high volume of activity as the hamstrings braced for impact prior to and during the non-preferred leg touch down. This activity occurred earlier for the females and the duration was longer, although the activity terminated similar times. This again could be due to technique differences, the male athletes tend to keep a shoulder hip separation during the glide and transition phases which facilitates torque production (Tidow, 1990) , whereas the female throwers allowed a rotation of their upper bodies towards the line of the hips resulting in reduced torque (Tidow, 1990) and took longer to ground their non-preferred leg with the hamstrings pre-activating before impact for a longer duration. The non-preferred leg RF only takes effect during the transition stage and females showed periods of high volume earlier than the males. This could be due to the longer time between both 'TouchDown' events in females throwers causing the quadriceps to contract for longer prior to and during impact. The final period of high volume of EMG activity was observed during the transfer of weight from the preferred to the non-preferred leg and drive through this leg to a fully extended position at release. The high volume activity observed in the non-preferred RF occurred earlier in the females and for a slightly longer duration, however this activity terminated earlier for the female throwers. In the non-preferred BF the high volume activity occurred much earlier for the female throwers and ceased around the time the high volume activity begins for the male throwers. Similarly, the high volume of activity can be observed in the same stages of the throw cycle for the non-preferred MG and LG: during the drive of the free leg in the flight phase, during the 'Touch-Down' stage of the non-preferred leg, moving from the transition in to the completion phase and finally when the body is rotated towards the front of the circle and the legs are fully extended in preparation for release.
Visual inspection of the ensemble mean curves in Figure 7 and Figure 8 can provide insights into the variability between trials and participants. In the preferred leg, the peaks in the RF occurred at lower amplitudes and later than the females; the LG and MG were similar and the BF peaks occurred later but at higher amplitude. The non-preferred leg peak in the RF was later but higher in the males, the BF peaks were approximately the same across the gender and the LG and MG peaks occurred later in the males but at higher amplitude. These peaks which occur mainly later in the males than the females show similarities to the high volumes of activity from the EMG profiles (see Figure 5 and Figure 6 ), the male throwers began their glide slightly later than the females therefore the peaks would occur later. A greater variation from the mean can be seen in the preferred leg RF and MG for the male throwers, and in the non-preferred leg RF, LG and MG, and the preferred leg LG for the female throwers. These curves can also identify how the EMG activity of one participant compares to the average curve. An overlay of the curve from the thrower with the greatest performance and the thrower with the least performance could highlight where the main downfalls may be in terms of muscle activity for the thrower with the least performance.
Since few studies have examined the EMG of the lower limbs during shot put, the findings of this study provide novel information on muscle activity of the lower limbs for scientists, coaches and practitioners. This data confirms the anecdotal evidence used by coaches, previously this muscle activity was not actually known and coaches were relying on kinesiology data. Given the lack of research of EMG on lower limb muscles in the shot put, this analysis of leg EMG patterns will provide initial representative data for the event.
Coaches can use this data to advance their knowledge of the event and create more specificity in training for their athletes by comparing how they perform relative to the athletes in this study. This study was limited due to the availability of EMG sensors and therefore only examined eight muscles of the legs. It is recommended that future work should examine EMG activity on other leg muscles which play important roles in the force generation in the glide, which would augment the representative data gathered in this study. The various muscles which should be considered for future studies would include: the vastus medialis, vastus lateralis, gluteus maximum, gluteus minimus, soleus and tibialis anterior. Although the glide is linear in movement overall, there are some aspects of rotation in the transition phase and for this reason it may also be necessary to examine the inclusion of muscles which contribute to the rotation from the hip. In this study, the muscle activity was gathered on accomplished national level throwers but an analysis of variations on phasic muscle activity in relation to performance level would be of benefit in advancing knowledge of the event. It would also be useful to compare the performance of the throw to various metrics gathered in this study to determine if sustained high volume of muscle activity correlates with an increase in performance or if the length of time of particular stages in the throw transfers to an increase in performance in future. It would be then necessary to investigate whether these results could be modified by training. All throws for this study were performed indoors on a standard IAAF wooden circle; this was to allow for constant temperature and to prevent variations in performances due to external factors. It is not known if there would be a difference in muscle activations and timings if the test was conducted on an outdoor concrete circle. This could be an avenue for further research.
Conclusion
Results of this investigation present new data on muscle activations across the throw cycle using the glide technique. Differences observed in EMG activation patterns between the men and women correspond to the variations of timings of key events. The muscles produce the impulses which drive the movements, having the profile of muscle activations and the ensemble average curves will benefit coaches and athletes. The data confirms some of the anecdotal evidence used by coaches which was previously based off analysis of kinesiology data; it is now known when muscles are active across the glide technique. Coaches could use this data to tailor training of the athletes to work on specific aspects of their technique. For researchers, the information on the muscle activity augments existing data on the kinematics and kinetics of glide technique. Further work can be done to compare the muscle activations of rotation and glide techniques as well as comparing activation patterns across throwing disciplines.
